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New particles with masses in the sub-eV range have been predicted by various theories beyond
the Standard Model. Some can induce new spin-spin interactions between fermions. Existing con-
straints on such interactions between nucleons with mesoscopic ranges (millimeters to nanometers)
are quite poor. Polarized 3He gas is an especially clean system to use to constrain these possible
new spin-spin interactions because the spin-independent atomic potential between helium atoms is
well-characterized experimentally. The small effects from binary atomic collisions in a polarized gas
from magnetic dipole-dipole and other possible weak spin-spin interactions which lead to spin relax-
ation can be calculated perturbatively. We compare existing measurements of the longitudinal spin
relaxation rate Γ1 of polarized
3He gas with theoretical calculations and set a 1σ upper bound on
the pseudoscalar coupling strength gp for possible new neutron-neutron dipole-dipole interactions of
g
(n)
p g
(n)
p /4pi ≤ 1.7×10
−3 for distances larger than 100 nm. We also set new direct limits on possible
gravitational torsion interactions between neutrons.
I. INTRODUCTION
New spin-dependent interactions of nature with very
weak couplings to matter and ranges of “mesoscopic”
scale (millimeters to nanometers) are poorly constrained
by experiment and are attracting more theoretical
attention[1–4]. Particles which might transmit such
interactions are starting to be referred to as WISPs
(weakly-interacting sub-eV particles) [4]. Symmetries
broken at a high energy scale generically lead to
weakly-coupled light particles with long-range interac-
tions through Goldstone’s theorem. Theoretical at-
tempts to explain dark matter and dark energy can also
produce new weakly-coupled long-range interactions. In
both cases there are many examples in which the new
interactions are spin-dependent. The fact that the dark
energy density of order (1 meV)4 corresponds to a 100
µm length scale by dimensional analysis also encourages
searches for new phenomena around this scale [5, 6].
Taken together, these developments suggest that it is
reasonable to conduct experimental searches for possi-
ble new spin-dependent interactions which act over meso-
scopic distance scales.
Many searches for new spin-dependent interactions
have been motivated by the idea of axions [1, 2, 7–10],
which can induce a P -odd and T -odd interaction between
polarized and unpolarized particles proportional to ~s · ~r,
where ~r is the distance between the particles and ~s is the
spin of the polarized particle. Several other ideas can gen-
erate exotic spin-dependent interactions [11–18]. How-
ever the idea to search for new spin-dependent interac-
tions can be considered within a more general theoretical
context. Dobrescu and Mocioiu [19] recently performed a
general classification of interactions between nonrelativis-
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tic spin 1/2 fermions assuming only rotational invariance.
This analysis emphasized the rich variety of possibilities
for new spin-dependent interactions. Of the 16 different
terms in the elastic scattering amplitude uncovered in
this analysis, 15 involve either one or both of the spins
of the fermions.
In this paper we will consider constraints on possible
new spin-dependent, velocity-independent forces between
nucleons. For one boson exchange between two nonrela-
tivistic spin 1/2 fermions there are 9 types of potentials
involving both spins. Six depend on the relative velocities
of the particles and the remaining three (V2, V3, and V11
in the notation of Dobrescu and Mocioiu) are velocity-
independent:
V2 =
~c
4πr
~σ1 · ~σ2 e
−r/λ, (1)
V3 =
~
3
4πm2r3c
{(σˆ1 · σˆ2)
(
1 +
r
λ
)
−3(σˆ1 · rˆ)(σˆ2 · rˆ)
(
1 +
r
λ
+
r2
3λ2
)
}e−r/λ, (2)
and
V11 =
~
2
4πmr2
(σˆ1 × σˆ2) · rˆ
(
1 +
r
λ
)
e−r/λ, (3)
where m is the mass, ~si = ~σˆi/2 is the spin of the po-
larized particle, ~ is Planck constant, λ is the interaction
range, and rˆ = r/r is the unit vector between the parti-
cles.
The existing constraints on new spin-spin interactions
between nucleons at distance scales below 1 cm are gen-
erally rather poor. It is not hard to understand why:
for shorter-range interactions both the number of par-
ticles that can be brought within the range of the in-
teraction becomes smaller and smaller, and the required
2precision with which one can understand the large back-
grounds from the electromagnetic fields that accompany
any macroscopically polarized medium becomes more
and more difficult to achieve. Several measurements [20–
22] constrain V2 and V3 at relatively large distances. The
best constraints at atomic distance scales come from the
work of Ramsey [23] who used spectroscopy in molecu-
lar hydrogen to constrain V2 and V3 interactions between
protons. Recently Kimball and coauthors [24] have used
measurements [25, 26] and calculations [27, 28] of cross
sections for spin exchange collisions between 3He and Na
atoms to constrain V2, V3, and V8 between neutrons and
protons. V8 is a spin-dependent and velocity-dependent
potential of the form
V8 =
~c
4πr
(~σ1 · ~v)(~σ2 · ~v) e
−r/λ (4)
where ~v is the relative velocity of the particles (such
a potential can also influence atomic spin exchange col-
lisions). In atomic spin exchange collisions the spin-
dependent part of the interaction is a small perturbation
on the dominant spin-independent atom-atom potential,
and theoretical calculations of the spin-exchange cross
section can be performed with high accuracy given suffi-
ciently precise data on atomic potentials. The theoretical
calculations are simpler for systems involving light atoms,
and experimental data on spin exchange cross sections
exist under conditions dominated by fast binary atom-
atom collisions which minimize possible contributions
from three-body collisions and the spin-rotation inter-
action [27, 29]. In combination with existing constraints
from spectroscopy in molecular hydrogen [23] mentioned
above, these authors were also able to set indirect con-
straints for new interactions between neutrons.
Measurements on ensembles of polarized 3He gas atoms
have been used in several recent studies which constrain
monopole-dipole interactions[30–35], which involve the
spin of one of the two particles. In this paper we show
that polarized 3He can also be used to improve existing
constraints on possible new nucleon spin-dependent in-
teractions involving the spins of both particles. The 3He
nucleus is isolated enough from external influences by the
inert closed electron shell that other weak interactions in-
volving the spin of the nucleus can manifest themselves.
The interactions between the 3He atoms in a gas at room
temperature are dominated by binary atomic collisions
whose dynamics have been accurately calculated using
the well-measured He-He atomic potential, and the ex-
tra effects from weak spin-dependent interactions can be
treated to high accuracy as weak perturbations. Unlike
the spin exchange collisions between noble gas atoms and
alkali metal atoms, there is no contribution from polar-
ized electrons. Experimental measurement coupled with
theoretical analysis shows that the polarization of the
3He nucleus is dominated as one would expect by the
polarization of the neutron [36], and therefore any limit
derived from this system can be attributed directly to a
limit on neutron-neutron interactions.
The spin exchange cross section between 3He atoms
can be calculated with relatively high accuracy using the
well-measured atomic potentials since (as for Na-3He)
the spin-dependent part of 3He-3He scattering is also
a small perturbation on the dominant spin-independent
part. The spin relaxation rate Γ
(1)
1 is simply related to
the 3He-3He spin-exchange cross section σ
(1)
1,E [37]
Γ
(1)
1 = n
(
2
πµ(kBT )3
)1/2 ˆ ∞
0
e−E/kBTσ
(1)
1,E EdE, (5)
where kB is the Boltzmann constant, E is the energy of
the particles, µ is the reduced mass, T is the temper-
ature, and n is the gas density. Furthermore, there is
extensive data on the longitudinal spin relaxation rate
Γ1 of ensembles of polarized
3He gas atoms under condi-
tions in which this rate is dominated by binary 3He-3He
spin exchange collisions. By using special glass cells to
suppress the loss of polarization from interaction with the
container walls, the measured spin relaxation rate of po-
larized 3He gas in certain cells is so slow (relaxation times
on the order of several hundred hours) that the measured
rate closely approaches the rate calculated from magnetic
dipole-dipole interactions. Since the events which lead
to the Γ1 relaxation rate come from a large number of
binary atom-atom collisions between many pairs of po-
larized atoms, Γ1 measurements have the potential to be
more sensitive to new interactions than measurements of
spin exchange cross sections, which involve single binary
collisions between atoms.
In this work, we compare the measured longitudinal
spin relaxation rates Γ1 of polarized
3He gas with the-
oretical calculations of Γ1 from magnetic dipole-dipole
interactions to set a limit for possible new spin-spin cou-
plings between neutrons. The rest of this paper is or-
ganized as follows. In Sec. II we discuss the physical
mechanisms which can lead to Γ1 spin relaxation in an
ensemble of polarized gas atoms and argue that the dom-
inant contributions for the data considered in this paper
come from spin exchange collisions and interactions of the
polarized atoms with the cell walls. We also outline the
calculation of the contribution to Γ1 from the magnetic
dipole-dipole interaction. The spin dependent potential
V3 described above is directly proportional to the mag-
netic dipole-dipole interaction in the λ → ∞ limit. We
observe that there is a distance scale beyond which the
difference between the radial dependence of the matrix
elements involved in the calculation of the spin exchange
cross section for the two interactions is negligible. In
Sec. III we present experimental data on Γ1 spin relax-
ation rates and use this data to set limits on the pseu-
doscalar coupling gp which generate the V3 potential and
on possible contributions from gravitational torsion be-
tween neutrons. Sec. IV has our conclusions and sugges-
tions for further work.
3II. Γ1 SPIN RELAXATION MECHANISMS IN
POLARIZED
3
HE GAS CELLS
Interactions which can cause longitudinal spin re-
laxation in an ensemble of polarized 3He atoms in-
clude: (1) a possible electric dipole moment, (2) the
spin-rotation interaction in 3He-3He collisions, (3) wall
relaxation(Γ
(wall)
1 ), (4) magnetic field gradients(Γ
(∂B)
1 ),
(5) magnetic dipole-dipole interactions(Γ
(1)
1 ), and (6) a
new dipole-dipole interaction(Γ
(2)
1 ). The experimental
upper bounds on atomic electric dipole moments in gen-
eral and on 3He in particular make mechanism (1) utterly
negligible [38] and we shall not consider it further.
The spin-rotation interaction (mechanism 2 above) is
proportional to ~S · ~N with ~N the orbital angular momen-
tum coming from the motional magnetic fields seen by
the polarized nucleus during atomic collisions [29]. The
interatomic interaction distorts the charge distribution of
the atom and creates a fluctuating field. At room tem-
perature the average kinetic energy of the colliding 3He
atoms is small compared to the atomic binding energy
and therefore these distortions are relatively small. In
addition, the 3He-3He interaction is weak enough that
there are no molecular bound states which can allow the
atoms to experience several revolutions and amplify the
spin-rotation interaction, as happens for other atomic
species. This effect has been investigated [37] for 3He
and is negligible (<1%) compared with magnetic dipole-
dipole interaction at room temperature.
The longitudinal relaxation rate Γ
(wall)
1 due to atomic
collisions with the cell wall is significant. The detailed
physics involved in the wall relaxation remains poorly
understood. Nevertheless careful preparation of the sur-
faces of certain types of aluminosilicate glasses can re-
duce the relaxation rate from this process to be small
compared to dipole-dipole relaxation, as will be shown
in section III.
Spin relaxation Γ
(∂B)
1 from the motion of the polarized
nuclei in magnetic field gradients can be calculated to
be[39]
Γ
(∂B)
1 = D
|▽B⊥|
2
B2||
, (6)
where D is the diffusion constant of the polarized gas and
B|| (B⊥) are the magnetic fields parallel (perpendicular)
to the spin’s direction. For a polarized 3He cell of pres-
sure 1 bar at room temperature in an external field gradi-
ent of δB⊥/B|| = 10
−4 cm−1, which is typically achieved
in the Helmholtz coil arrangements used in the measure-
ments described in section III, Γ
(∂B)
1 = 2× 10
−8 s−1[40],
which is small compared to the dipole-dipole relaxation
in the cells discussed in section III. Internal field gradi-
ents induced by the magnetization of the polarized gas
are proportional to the gas density and polarization and
also depend on the geometry of the gas container. A
field generated by polarized gas in a spherical cell is uni-
form and thus has no effect on spin relaxation. For the
gas cells discussed in this paper the relaxation from self-
generated internal field gradients is very small compared
to relaxation from external field gradients.
The spin relaxation Γ
(1)
1 due to magnetic dipole-dipole
interactions in binary 3He-3He collisions dominates the
bulk relaxation in the gas. It can be calculated by
first solving for the 3He-3He scattering amplitude us-
ing the measured spin-independent atom-atom potential
V (0) and then adding the hyperfine interaction as a per-
turbation. The spin-dependent magnetic dipole-dipole
interaction potential V (1) has the form
V (1)(r) =
f (1)
r3
[(σˆ1 · σˆ2)− 3(σˆ1 · rˆ)(σˆ2 · rˆ)] , (7)
where f (1) = α ~
3g2
16m2
e
c , g = −0.002317 is g-factor of
3He,
α is the fine structure constant, and me is the mass of
electron. The expression for Γ1 from binary collisions
of polarized atoms in a gas in thermal equilibrium at
temperature T is shown in Eq. 5, where the spin exchange
cross section can be written as [41–43],
σ
(1)
1,E =
48πm2
5~4
(
f (1)
)2
×
∑
ll′(odd)
(2l+ 1)(2l′ + 1)C2(ll′2; 00)
〈
1
(kr)3
〉2
ll′
.(8)
where C(ll′2; 00) are Clebsch-Cordon coefficients, k is the
wavenumber, and the matrix elements
〈
1
(kr)3
〉
ll′
corre-
sponding to l → l′ transitions can be obtained by solv-
ing the Schrodinger equation for the two-body scattering
states[43].
For atom-atom collisions at room temperature only
partial waves with small l make significant contributions
to the spin exchange cross section. Equating the cen-
trifugal barrier at a distance corresponding to the 3He
atomic diameter of 0.06 nm with the kinetic energy,
l(l + 1)~2/2µr2 = 3kBT/2 (where µ is the reduced mass
of 3He) to find the orbital angular momentum associated
with the closest approach of the atoms yields l ≃ 3. At
room temperature partial waves with l > 3 do not pene-
trate the centrifugal barrier and therefore see mainly the
long-range Van der Waals interaction.
The potential energy from the possible new dipole-
dipole interaction which we propose to constrain has the
form[3],
V (2)(r) = f (2)
e−r/λ
r3
{(σˆ1 · σˆ2)
(
1 +
r
λ
)
−3(σˆ1 · rˆ)(σˆ2 · rˆ)
(
1 +
r
λ
+
r2
3λ2
)
}, (9)
where f (2) = g2p~
3/(16πm2nc), mn is the mass, c is the
speed of light, λ is the interaction range, and gp is the
coupling constant. Because V (2) < V (1) ≪ V (0), V (2)
can also be treated as a perturbation and one can follow
4the same procedure as in Eq. (8) to obtain the matrix
elements of
〈
V (2)
〉
ll′
. Note that the dipole-dipole poten-
tial under exchange of a finite-mass particle in Eq. (9)
reduces to the same form as the usual electromagnetic
dipole-dipole potential in Eq. (7) as the particle becomes
massless (λ → ∞). In this limit the analysis required
to set a bound on V3 is greatly simplified. For the data
considered in this paper this limiting case is reached al-
ready for interaction ranges λ > 100 nm. The inter-
atomic potential V (0)(r) falls quickly outside the atomic
diameter, and collisions with impact parameters of this
size between 3He atoms at room temperature correspond
to l ≈ 3. Partial waves with l > 3 feel only the weak
long-range part of the atom-atom potential, which can
be calculated in perturbation theory and makes a small
contribution to the matrix element. The lower partial
waves encounter the hard core repulsion. For interaction
ranges λ > 100 nm, however, the Yukawa term in the
potential is slowly varying and the radial dependence of
V (2) and V (1) are therefore the same to high accuracy for
small r. One can show numerically that beyond r = 10
nm the lower partial waves approach their asymptotic
forms and make negligible contributions to the matrix
element. Therefore one can choose an upper cutoff of
r = 10 nm in the radial integral for the calculation of
matrix element
〈
V (2)
〉
ll′
with negligible uncertainty. In
this case λ ≫ r in the matrix elements and Eq. (9) can
be simplified to
V (2)(r) ≃
f (2)
r3
[(σˆ1 · σˆ2)− 3(σˆ1 · rˆ)(σˆ2 · rˆ)] . (10)
In this limit V (2) and V (1) have the same form, so the
contribution of the potentials V (1) and V (2) to the longi-
tudinal spin relaxation rate is
Γ
(1,2)
1 = n
(
2
πµ(κT )3
)1/2 ˆ ∞
0
e−E/κTσ
(1,2)
1,E EdE, (11)
where σ
(1,2)
1,E is
σ
(1,2)
1,E =
48πm2
5~4
(
f (1) + f (2)
)2
×
∑
ll′(odd)
(2l + 1)(2l′ + 1)C2(ll′2; 00)
〈
1
(kr)3
〉2
ll′
.(12)
Using Eq. (5) and Eq. (11), we have,
g2p/4π =
α g2(mn/me)
2
4

(Γ(1,2)1
Γ
(1)
1
)1/2
− 1

 . (13)
The experimentally measured longitudinal relaxation
rate Γ
(exp)
1 must satisfy Γ
(exp)
1 ≥ Γ
(1,2)
1 . Therefore, using
Eq. (13) we can derive a lower limit for the product of
the couplings g2p:
g2p/4π ≤
α g2(mn/me)
2
4


(
Γ
(exp)
1
Γ
(1)
1
)1/2
− 1


= 0.033R, (14)
where R ≡
[(
Γ
(exp)
1 /Γ
(1)
1
)1/2
− 1
]
is an upper bound on
the strength of the new dipole-dipole interaction relative
to the magnetic dipole-dipole interaction: V (2)/V (1) ≤
R. The uncertainty on the constraint on g2p/4π is deter-
mined by the experimental uncertainty of Γ
(exp)
1 and the
theoretical uncertainty in the calculated value for Γ
(1)
1 .
III. MEASUREMENTS OF Γ
(exp)
1 RELAXATION
RATES OF POLARIZED
3
HE GAS
The technology of laser optical pumping to produce
macroscopic quantities of gas with high polarization has
undergone extensive development for scientific applica-
tions in neutron scattering, medical imaging, and nuclear
and particle physics [44–48]. There exist two widely-used
methods to polarize 3He gas, metastability-exchange op-
tical pumping (MEOP) [49] and spin-exchange optical
pumping (SEOP) [29]. We use SEOP data in this paper.
In addition to the 3He, SEOP cells also contain a small
amount (normally <0.1 g) of Rb and/or K for optical
pumping and a small amount of N2 gas to nonradiatively
relax the optically-pumped alkali atoms to prevent radi-
ation trapping. It has been found experimentally that
certain aluminosilicate glasses can have wall relaxation
rates which are small compared to the dipole-dipole re-
laxation rate, and it is Γ
(exp)
1 measurements in these cells
that we use to set our limits.
To our knowledge the most accurate comparisons be-
tween theory and experiment for the Γ1 spin relaxation
rates of polarized 3He gas in a SEOP cell were performed
by Newbury et al. [43, 50] and Rich et al. [51]. For 3He
at room temperature Γ
(1)
1 is [43]
Γ
(1)
1 = 3.73× 10
−7 · [n] · s−1, (15)
where the 3He density [n] is in units of amagats. Some
of the theoretical uncertainties in this result come from
the uncertainty in the measurements of the interatomic
potential (which differ slightly[52]) and produce corre-
sponding uncertainties in the calculated spin exchange
rate. The relaxation rates calculated with these different
interatomic potentials V (0) differ by 1-2%. We assign a
2% relative standard uncertainty in Γ
(1)
1 from experimen-
tal knowledge in interatomic potentials and a 1% relative
standard uncertainty from other sources related to the
numerical calculation. In addition there are uncertainties
in the theoretical prediction associated with uncertainties
in the knowledge of the temperature and density of the
5Figure 1: Comparison of 1σ upper bounds on the coupling
constant combination g2p/4pi for possible new pseudoscalar
dipole-dipole interactions from the following sources: 1). us-
ing Γ1 measurements in a
3He-129Xe maser[21], 2). this work,
using measurements in 3He SEOP cells, 3). using interaction
between 3He and K species in two separate SEOP cells[22],
and 4). using hydrogen molecular spectroscopy[23].
3He in the cells. In Ref. [43], the densities of the cells are
8.37(19) amagat for cell 808, and 4.67(11) amagat for cell
842, where the numbers in parentheses denote the stan-
dard uncertainties in the last digit(s). Γ
(1)
1 is proportional
to the density, and near room temperature Γ1 ∝ T
1/2[41].
We assume a temperature and corresponding standard
uncertainty of (297 ± 5) ◦C, which yields a Γ
(1)
1 rela-
tive standard uncertainty of 0.8%. The relative stan-
dard uncertainty in the theoretical prediction for Γ1 for
the Newbury cells was therefore
∆Γ
(1)
1
Γ
(1)
1
= 3%. The mea-
sured relaxation rates are 3.19(4)×10−6/s for cell 808 and
1.84(2)× 10−6/s for cell 842. Using these numbers and
equation 14, we set a limit of g
(n)
p g
(n)
p /4π < 1.7 × 10−3
at the 1σ confidence level.
A similar upper bound is also obtained in an inde-
pendent measurement at a lower gas density. In Ref.
[51], the cell Wilma with gas density of 0.73(3) ama-
gat (the original paper mistakenly stated 0.78 amagat for
the density) was measured to have spin relaxation rate
3.31(6) × 10−7/s. Using these numbers in equation 14
would set a slightly less stringent limit of g
(n)
p g
(n)
p /4π <
5 × 10−3 at the 1σ confidence level. We also note that
Γ
(exp)
1 measurements for several other
3He SEOP cells
have been conducted over the last decade [53, 54] with
densities ranging from 0.7 amagat to 2 amagat and with
different types of glasses as the cell materials. Although
many of these cells possess wall relaxation rates compa-
rable to those discussed above, none of the Γ
(exp)
1 mea-
surements in these cells is less than the calculated Γ
(1)
1 .
In Figure 1 we show the limits on g2p/4π for neutrons
extracted via Eq. (14) using the comparison between
the Γ
(exp)
1 measurements with theory. Limits from mea-
surements in a 3He-129Xe maser[21] and from measure-
ments involving separate SEOP cells of 3He and K[22]
are the most stringent for neutron-neutron interactions
at distances greater than 1 cm. Hydrogen molecular
spectroscopy[23] provides a stringent direct constraint
on proton-proton interactions. The indirect limits on
neutron-neutron interactions set by Kimball et al. on
g2p/4π for the V3 interaction are above the top of the ver-
tical axis of the plot. The limits from 3He-3He, which as
mentioned in the introduction are cleanly interpretable
as direct limits on neutron-neutron interactions, are the
best direct limits to our knowledge for distance scales
from 100 nm to a few mm, corresponding to exchange
particles with masses from 1 eV to 0.1 meV.
We can also use this data to constrain short-range
gravitational torsion between neutrons. Torsion, an ad-
ditional warping of spacetime with spin as its source, is
required for the conservation of angular momentum in
general relativity when intrinsic spin is included [55]. Re-
cently the experimental constraints on long-range grav-
itational torsion have been tightened considerably with
the realization [14] that a background torsion field vio-
lates effective local Lorentz invariance. Kostelecký and
coauthors [18] were able to constrain 19 of the 24 com-
ponents of the torsion tensor for the first time, and
these methods have since been adopted [56] to further
improve constraints on 4 of these 19 components. As
for short-range spin-dependent interactions, experimen-
tal constraints on short-range torsion [57–60] are poor.
The spin-spin interaction generated by a short-range tor-
sion field is of the same form (V3 in the Dobrescu nota-
tion) considered above [6, 60] scaled by a parameter β
where
β2 = (g2p/4π~c)(
2~c
9Gm2n
) (16)
Figure 2 shows the constraints on short-range torsion
from the work of Kimball et al [24], Ramsey [23], and
our work, which limits β2 < 2×1037 for neutron-neutron
interactions. Over the distance range between 100 nm
and 1 cm these works set to our knowledge the best ex-
perimental limits on the torsion parameter for neutron-
proton, neutron-neutron, and proton-proton interactions,
respectively. At distance scales > 50 cm a much more
stringent limit of β2 < 2 × 1028 comes from the work of
Romalis and co-workers [22].
IV. CONCLUSIONS
By comparing theory and experiment for the longitudi-
nal spin relaxation rate Γ1 of polarized
3He gas, we have
derived a 1σ upper bound of g
(n)
p g
(n)
p /4π < 1.7 × 10−3
on the product of the couplings for a possible new pseu-
doscalar spin-spin interaction between neutrons with a
6Figure 2: Comparison of 1σ upper bounds on gravitation tor-
sion couplings between nucleons from the following sources:
1). from the analysis of 3He-Na spin exchange cross section
measurements[24], 2). this work, 3). using hydrogen molecu-
lar spectroscopy[23].
dipole-dipole form V3 at distance scales larger than 100
nm. This constraint limits such interactions to a size no
more than 4% of the magnetic dipole-dipole interactions
between the polarized 3He atoms. Although these limits
are certainly much less stringent than those for spin-spin
interactions of macroscopic range, they are to our knowl-
edge the best direct limits from laboratory experiments
on spin-spin interactions of this form between neutrons.
Attempts to improve the constraints using this approach
would be limited both by the spin exchange cross sec-
tion uncertainties and our ignorance of the physics of
3He wall relaxation rates, and we do not expect that it
will be possible to significantly improve the accuracy of
either the theoretical calculations or the understanding
of the physics of the wall relaxation in the near future.
However it should be possible to use this same data to
set the best constraints on the V2 and V11 spin-dependent
potentials and the velocity and spin-dependent potential
V8 for distance scales larger than 100 nm. We plan to
present these limits in a forthcoming publication.
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